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This study was undertaken to investigate factors 
governing the release of pollutants from sediments and 
subsequent effects on water quality. Studies were 
carried out to: 1) determine the characteristics of 
selected sediments; 2) determine the level of release 
of pollutants under batch and fill and draw conditions; 
3) determine the effect of temperature and pH on release 
mechanisms; 4) determine the importance of microbial 
(uninhibited) release and physio-chemical (inhibited) 
release processes. 
The sediment utilized was from the Missouri River 
at Jefferson City, Missouri, and the Burgher Branch near 
ll 
Rolla, Missouri. Five environmental conditions to evaluate 
the effects of pH and temperature were observed using a 
pH of 6, 8, and 10 at 22°C and a pH of 8 at 5°C and 35°C. 
The physio-chemical (inhibited) release reactor bottles 
contained 1 gm/liter mercuric chloride to inhibit microbial 
growth and chemical oxygen demand (COD). Phosphorus and 
nitrogen were monitored in supernatant. 
Research results indicated that the mechanisms of 
release of organics from sediments were mostly physio-
chemical in nature rather than due to microbial activity. 
Release mechanisms were found to be more pH dependent than 
temperature dependent. Increased pH brought about corres-
ponding increases in organic release which may be explained 
in part by the increased dissociation of weak organic 
acids at higher pHs. Under test conditions used the 
pollutant release reached a nearly constant level in a 
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I. INTRODUCTION 
A. History 
In Koln, a town of monks and bones, 
And pavement: fanged with murderous stones, 
And rags, and hags~ and hideous wenches, 
I counted two and seventy stenches? 
All well defined, and separate stinks. 
Ye nymphs that: reign over sewers and sinks) 
The River Rhine, it: is well known, 
Doth wash your city of Cologne. 
But: tell me nymphs, what power divine, 
Shall henceforth wash the River Rhine? 
Samuel Taylor Coleridge (1772~1834) 
l 
It can be seen from this verse that: man has suffered 
problems from pollution of his environment: for a long 
time. The public interest in protecting the environment: 
has taken a dramatic change within the last: decade. Since 
the eye-opening descriptions in Silent: Spring by Rachel 
Carson (1), of man's detrimental effect: on nature, the 
public has sought to halt: or at: least: decelerate the ad-
verse effects of progress. One of the first: areas of 
environmental concern was that: of water pollution. Both 
federal and state regulatory agencies have established 
and enforced more stringent: water quality and effluent: 
standards with which municipalities and industry must: 
comply by a certain deadline. The Rivers and Harbors 
Act of 1899 has taken revised interpretations in light: 
of the new environmental concern. This act:, which was 
previously used only to prevent: navigation hazards, is 
now being used to control pollut:ional discharges. The 
most: far-reaching and perhaps most: controversial water 
2 
pollution legislation lS the newly proposed Federal Water 
Pollution Control Act Amendments of 1971. This bill was 
passed ln the United States Senate by a vote of 86 too, 
and is presently pending in the House, This legislation 
seeks the total elimination of pollutional discharges of 
both industrial and municipal treatment plants into the 
nation's navigable waterways by 1985. Senator Muskie, 
the floor manager for the bill, has stated that, "the 
most effective way to stop pollution of the waterways lS 
to stop the discharge of pollutants into receiving 
water" (2). 
This analysis, although commendable, has come under 
the concerned scrutiny of scientists and engineers. Many 
wonder if this proposed legislation will accomplish the 
mission of cleaning up the nation's waterways, There are 
two primary reasons that may lead to its failure. The 
first is that the proposed legislation will eliminate the 
dis charge s from point s ource s and doe s not c ons ider the 
d i ffus e or nonp o i nt sources. Th e se di f f use source s , s u ch 
as agricultural runoff, could still provide enou gh pol-
luta nts and nutrie nts to create c onditions which could 
cau s e pollution. Secondly , the b ill does not reck on wi th 
the fractions of the pollutants which have been settled 
and thus, accumulated in the aquatic se dime nts . For 
example , toda y, ma ny t oxic h eavy me t als a n d non-
bio de gra dab l e p e s t i c i des h a ve accumulat e d i n u nde sirable 
concentration in bottom sediments o f many rivers and 
3 
lakes (3). The Annual Report of the Council on Environ-
mental Quality (3) states that sediments from land runoff 
represent the greatest volume of wastes entering surface 
waters. The volume of suspended solids reaching United 
States waters is at least 700 times greater than the total 
discharge of sewage solids. These solids are important 
because their small size gives them greater surface area, 
thus enabling the adsorption of pollutants present in the 
water. The hazards of the suspended solids to environ-
mental quality has been studied extensively (4). However, 
the factors governing the release of pollutants and their 
effects on water quality, as well as the time span during 
which they will continue to be released, is not fully 
understood. This study was undertaken to investigate the 
effects pH and temperature have on release mechanisms and 
the rate and extent of pollutant release. 
B. Objectives 
The objectives of this st udy were: 
To determine the characteristics of se lected sedi-
ments. These sediments were selected on the basis of 
the magnitude of stream flow from which they were c ol-
lected . Sediment samp les were collected from a mino r 
stre am and a major river. 
To determine the l e ve l of pollutant release under 
batch reactor conditions and the lev e l a nd extent of 
pollutant release unde r fill and dra w condit ions . 
4 
To determine the effect of temperature and pH on the 
above pollutant releases. 
To determine the importance of physical-chemical 
processes and microbial activity 1n the release process. 
C. Scope 
In order to achieve the proposed objectives, a batch 
study and a fill and draw study were performed. These 
studies utilized sediment samples from the Missouri River 
at Jefferson City, Missouri, and the Burgher Branch at 
Rolla, Missouri. There were five environmental conditions 
at which the effects of pH and temperature could be ob-
served; the first three were at a pH of 6, 8, and 10 con-
ducted at 22°C and the remaining two were at a pH of 8 
conducted at temperatures of 35°C and 5°C. Microbial 
activity and physical-chemical releases were studied for 
each of these environmental conditions by means of a 
series of sewage seeded and disinfected reactor bottles. 
II. LITERATURE REVIEW 
A. Transport of Pollutants by Sediments 
Sediment 1s defined by the American Society of Civil 
Engineers (ASCE) Nomenclature for Hydraulics as "any mater-
ial carried in suspension by water, which would settle to 
the bottom if the water lost velocity" (4). Thus, it can 
5 
be seen that sediment includes both organic and inorganic 
particulate matter of varying particle size from any source. 
The two major sources, however, are (1) the natural and man-
accelerated processes of the erosion of soils and geologic 
materials and (2) the direct or indirect discharge of indus-
trial, municipal, agricultural, or individual sources (4). 
Fair, et al. (5) surmised that the composition of river muds 
and pollutional sediments, as they are actually laid down, 
1s dependent upon many factors, such as: 
1) the primary source of the pollutional 
(decomposable) solids; 
2) the amount of natural silt that 1s carried 
down with pollutional solids; 
3) the flocculating properties of the receiving 
waters (notable, in particular, in sea or 
brackish water); 
4) the removal of certain constituents by 
washing, or natural elutriation; 
5) the hydraulic selection of deposited parti-
cles as a result of differential sedimenta-
tion; and 
6) the compacting of the sediment under its 
own weight. 
6 
Situations found in nature may be considered beneficial 
or detrimental depending on the perspective of the observer. 
In a similar manner, sediment may be considered to be a 
benefit or a detriment to water quality. For example, sedi-
ment may inhibit self-purification of a stream by reducing 
the numbers of low-order biota; on the other hand, it may 
prevent eutrophication in nutrient-rich waters by destruc-
tion of aquatic habitats and limiting light to aquatic 
biota. Although sediment does have beneficial qualities, 
the environmentalists are largely concerned with the 
detrimental effects it exhibits. 
The chemical properties of collodial sediments, i.e., 
clay minerals and organic and amorphous materials, are im-
portant in that they have active surfaces. The colloids act 
much like activated carbon in that they adsorb chemicals to 
their surfaces and whe n conditions are altered these che mi-
cals may later be released. When colloids are eroded, they 
serve as transporting agents for sorbed chemicals. Thus, 
colloids have the potential of adsorbing pollutants and 
other chemicals under one set of conditions and releasing 
these chemicals under a changed set of conditions. There 
have been many studies which have verified this fact (4). 
Huang (6) studie d the adsorption o f pesticides on clay par-
ticles. He found that DDT, dieldrin, and heptachlor were 
adsorbed by montmorillonite, illite, and kaolinite. Other 
7 
studies have found that sediments can be the transport agent 
for radionuclides and trace elements such as Cr, Ag, Mo, Ni, 
Co, Mn, Zn, Fe, Cu, and Pb (4). Sediment has also been 
found to be the transport agent for nutrients. In general, 
every tone of suspended sediment transports approximately 
one pound of phosphorus (P) (4). 
A factor which must also be realized 1n a discussion on 
sorbed-phase transport, is the preference for suspension. 
The fine-grained materials are eroded preferentially. The 
fine-grained materials are likewise preferentially trans-
ported and deposited (4,7). Consequently, colloids, which 
are fine-grained particles, will constitute a major portion 
of the sediment. 
B. Effects of Benthos on Stream Water Quality 
Benthal deposits are brought about when the sediments, 
transported by streams, are allowed to settle; these depos-
its undergo decomposition both aerobically and anaerobical-
ly (5). This decomposition and the characteristics of the 
sediments cause benthic deposits to have effects on the 
overlying stream. 
A major concern created by benthal deposits 1s their 
role in the oxygen economy of receiving streams. The re-
lease of organics and sorbed ions and their subsequent oxi-
dation creates a stress on the oxygen balance of the stream. 
This release can be cyclic with certain ions creating a re-
peated stress. Poon (8) studied such a system in the manga-
nese cycle and found that oxidation and precipitation to the 
8 
bottom was not the final fate of manganese 1n water. Po on 
determined that once the manganese is precipitated there are 
several mechanisms by which the insoluble form may be trans-
formed into a soluble form and thus released a gain to the 
overlyi ng water. The suggested mechani s ms we re: 
1. The metabolic end-product carbon dioxide 
increases the solubility of bivalent man-
ganese to a large e x tent. 
2. Metabolic intermediate products (humic, 
fulvic, or other organic acids) lower the 
pH o f the water to make bivalent manganese 
more s oluble . 
3. Organic acids form organometallic complexes 
with manganese to r e nder it soluble. 
4. Biologica l reduction changes Mn+ 4 to Mn+ 2 
as an intracellular activity (8). See 
Figure 1) 
Porce lla , e t a l. (9) indicated t h a t the phos phoru s 
presen t i n t h e b e n t h o s c o uld h a v e adverse e ffects on t h e 
overlying water quality. The release of phosphorus can pro -
mote e u t rophi c at i o n in streams a n d i mpound me n ts by s uppl y -
i n g t h e n ecessary nutri e n ts . Po rcella , et al . (9) found 
that the transfer of phosphorus from the s e diment to the 
ove rly ing wate r was quite rapid. The gr eat est trans ver 
o c curred under a n aero b i c con dition s i n the presen ce of or-
g a nic materia l s . Procella s howed t h a t t h e i ncrease 1n phos -
phorus release was related to the ab i lity of anaerobic 
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bacteria to lower the pH of the sediment, lower the redox 
potential, and increase the solubilization of P. This re-
lease could serve as a potential source of nutrient P needed 
in the eutrophication of a stream. 
Fillos and Molof (10) in their study on the effects of 
benthal deposits on streams were concerned with the nutrient 
economy of flowing waters. Their study investigated the re-
lationship of dissolved oxygen (DO) in the flowing water to 
the oxygen demand of the benthal deposit and the organic and 
nutrient releases from sludge bottoms. Regarding nutrients, 
phosphates and ammonia, it was determined that when the DO 
falls below a value of 1.5 mg/l there is an appreciable re-
lease of both nitrogen and phosphorus. They postulated that 
at least in the case of phosphorus (P) this was the result 
of two steps. The initial step in this release was a micro-
bial response to low oxygen levels; the second phase was the 
destruction of the adsorptive capacity of the mud surface 
when conditions become reductive. 
The release of metabolic by-products can alter the pH 
of the stream as well as create an oxygen demand. These by-
products are released from both the aerobic and anaerobic 
layers of the stream bed. Fair, et al. (5) stated that 
there is 
l) an upward diffusion of products and residues 
of anaerobic decomposition and 
2) accompanying the consolidation of deposits 
with time, an upward displacement of the 
liquid contained in the interstices of the 
sediments. (See Figure 2) 
ll 
Fair, et al. (12) state that the gases of decomposition, 
principally C0 2 , CH4 , and H2s, are produced within the 
sludge. If these gases bubble up in sufficient volume, they 
may buoy up some of the sludge into the supernatant water and 
even to the water surface. Decomposition gases also have an 
effect within the sludge itself. Poon (8) suggested that 
carbon dioxide increases the solubility of bivalent manga-
nese to a large extent. Intermediate by-products decrease 
pH of the overlying water increasing solubility of bivalent 
manganese. Other elements are affected in the same manner 
within the reducing environment found in the anaerobic layer 
of the benthos. 
The release of organics which is reflected by the bio-
chemical oxygen demand (BOD) and chemical oxygen demand (COW 
is a major influence of sediments and the benthos on stream 
quality. Fillos and Molof (10) concluded from the results 
of their research that the benthos have a profound effect on 
the oxygen economy due to the releases of BOD and COD. Due 
to the long period requi ~ed for stabilization, benthal de-
posits would exert an oxygen demand and release organics and 
nutrients into the overlying water long after man-made poll~ 
tion discharges into waterways were eliminated. Fair, et al. 
(5), while doing their study on the effect of benthos on 
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oxygen economy, arrived at some conclusions about the re-
lease of organics. In this study, they conducted oxygen 
economy studies for sludge deposits on the overlying water 
for a period of up to 450 days. Among their conclusions, 
they surmised that the rate of oxygen demand of the sludge 
was not controlled by the rate of diffusion of oxygen into 
the deposit from the water but rather by the rate of diffu-
sion of oxidizable substances from the interior of the de-
posit into the overlying water. Camp (ll), using mathemati-
cal theory, reasoned that the oxygen demand on waters over-
lying bottom deposits by diffusion of DO from the water into 
the bottom is very small. The difference in BOD between the 
bottom deposit and the overlying water is much greater than 
the difference in DO concentration. Therefore, the transfer 
of oxygen-demanding material from the bottom into the water 
should be at a higher rate than the transfer of oxygen from 
the water into the bottom deposits. Camp felt that Fick's 
law of diffus ion could be used to theoretically verify s uch 
conclusions. The rate of diff usion per unit area according 
to Fick's law is: 
d s de 
c dt = - De ds 
where c ds is the quantity of particles per second diffusing 
dt 
. . ds . h through l em. of a boundary in the dlrectlon o f s , dt lS t e 
diffu s ion v e loc i t y, - de is the concentra t i on grad ient and DC 
is the diffusion coeff icient . 
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One of the more publicized pollutants, chlorinated hy-
drocarbon pesticides, has been found in the sediment phase 
of aquatic bodies in the United States. Faust and Aly (13) 
concluded that small quantities of pesticide could be ad-
sorbed on suspended soils and bottom muds in the aqueous 
systems. Huang (6) states that organic matter promotes 
longer retention of organic pesticides residue in the soil. 
This suggests that the presence of organics ln water might 
extract pesticides from sediment because of a higher affini-
ty for organic materials than for soil particles exhibited 
by pesticides. Huang, however, concluded from the results 
of his study that the presence of organics in polluted 
streams did not extract pesticides, thus enhancing pesticide 
desorption. 
Chesters (14) conducted an investigation on the adsorp-
tion of insecticides on lake sediments in an attempt to eval-
uate the insecticide accumulations in lakes. The extent of 
lindane adsorption was found to be affected by concentration 
of suspended sediment, the organic content and water content 
of the sediment, and the amount of lindane already adsorbed 
on the sediment. The larger portion of pesticides must be 
adsorbed previous to their being transported by storm runoff 
or by other means of entering the aquatic environment. Under 
certain conditions, part of the sorbed pesticides are de-
sorbed and released into the water phase in order to main-
tain an equilibrium system. 
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C. Mechanisms by which Pollutants are Released 
In an aquatic sediment, the release of pollutants will 
follow a somewhat fixed sequence: (a) solubilization of or-
ganic solids through chemical and/or microbial extracellular 
enzymatic reaction, (b) diffusion of solubilized pollutants 
through the sediment layer to the sediment-water interface, 
and finally (c) the transport of pollutants from the inter-
face to the bulk aqueous solution through diffusion and flow 
action such as turbulent interchange. The outlined sequence 
closely follows that theorized by Fair, et al. (5). Fair 
felt that the mechanisms by which benthal decomposition took 
place were interlocking, but that in the laboratory such pro-
cesses could be easily distinguished. He further broke these 
processes down to a set of three steps: 1) intensive fermen-
tation; 2) gradual consolidation; and 3) quiescent stabiliza-
tion. It was proposed that there were both physical and bio-
logical manifestations which distinguished between the 
stages . Dapples (7), in his discussion of the syndiagenetic 
phase of sediment, also proposed a sequence of decomposition. 
It was proposed that there were two s tages: 
1) initia l stage , controlled by the che mi s try 
o f the s upe rnatant water ; and 
2) early burial s tage, controlled by the entrapped, 
connate water, chemically modified by the bac-
teria a nd other s ubs urface organisms . 
The metamorphosis in sediments takes place in two layers. 
The initial layer is aerobic and its depth is dependent of 
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the penetration of the oxygen into the system. The next 
layer of decomposition is anaerobic, this is a region in 
which chemical reduction takes place, and the pH rises stea~ 
ily, often to above 9. The by-products of both regions, as 
previously mentioned, may be introduced into the overlying 
water by dissolving into the interstitial waters and extru-
s1on of the water during consolidation. 
Thus, it may be seen from the preceding discussion that 
there are two principal mechanisms at work in the benthal 
region: chemical hydrolysis and microbial enzymatic solu-
bilization of sediment solids. These two basic mechanisms 
by which benthal decomposition proceeds are influenced by 
several determinants. Davison (15) summarized several of 
these factors which include: 
a) oxygen concentration 1n the overlying water 
b) temperature 
c) salinity 
d) sludge pH 
e) sludge depth 
There have been several studies investigating each of these 
several factors (4,10,15). 
Dissolved oxygen (DO) concentrations 1n the overlying 
water, as previously mentioned, have been the subject of 
much concern as well as much research. Fair, et al. ( 5) did 
some of the basic work in this area in their study of natur-
al self-purification of streams . Edwards and Rolley (16), 
McDannel and Hall (17), and Fillos and Molof (10), have all 
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done research 1n the effects of dissolved oxygen concentra-
tion. Fillos and Molof (10), found that DO concentrations 
can be of great importance on release especially when the 
level is reduced to near anaerobic conditions (DO 1.5 mg/1). 
Fillos and Molof found that BOD and COD experienced a three-
fold increase in release rate when it approached anaerobic 
conditions. Nutrient release incrased appreciably under 
similar conditions. 
Fair, et al. (5), Edwards and Rolley (16), McDannel and 
Hall (17), evaluated the effects caused by temperature on 
oxygen demand of benthos. McDannel concluded that the oxy-
gent uptake rate generally conformed to the "Q10 Rule", 
which states that the rates at which biological processes 
proceed is increased nearly twofold with each l0°C rise in 
temperature. Fair, however, found no measurable increase in 
BOD after the first day or two, but measurable increases in 
ammonia, nitrates, and nitrites were observed for about two 
months. 
Sludge depth, although at one time a controversial sub-
ject, has been considered in recent years to be of little 
importance. Fair, et al. (5) felt that the deeper deposits 
exerted higher oxygen demands than those of shallow deposits. 
In recent studies, however, this conclusion has been shown 
to be false (17). Mohlman, et al. (18) stated that sludge 
depth was not the important factor in oxygen demands of 
sludge, but that the surface area of the deposit and the 
rate of re-suspension of solid material due to gas production 
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ln the anaerobic zone were of prime importance. As 
previously discussed, Camp concluded that Fick's Law ap-
plied to the oxygen demand of a stream. Camp (11) states 
that the areal demand of dissolved oxygen of bottom de-
posits at a point in 
out of BOD, lS given 
a stream, in the absence of settling 
-dLd 
by Hp = ~ = 2.3 K4Ld where: 
Hp is the areal demand in gms. per sq. meter per day, 
H lS the depth of the stream in meters, 
p lS the rate of addition of BOD to the overlying 
water ln ppm. per day, 
Ld is the total area of the bottom deposits in gm. 
per sq. meters at any time after decomposition has 
started, and 
K4 is the areal demand rate constant. 
III. EXPERIMENTAL EQUIPMENT, MATERIALS, AND METHODS 
A. Equipment 
The equipment employed during this study was as 
follows: 
l. pH Meter 
2. Spectrophotometer 
3. Analytical Balance 
4. Drying Oven 
5. Muffle Furance 
6. Walk-in Incubator 
7. Centrifuge 
8. Kjeldahl Unit 
9. Comparator 
10. Core Sampler 
11. Reactor Bottles 
A brief description of each is as follows: 
1. pH Meter 
The hydrogen 1on c oncentration (pH) of the sedime nt 
supernatant and of the samples was determined by the use 
of a Fisher Accumet pH meter, Mode l 216, as manufactured 
by Fisher Scientifi c Co. 
2. Spectrophotometer 
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In determination of total phosphorus and ortho-
phosphate concentration, a Beckman Spectronic 70 was 
e mployed to meas ure the ligh t absorb ed a nd thus determine 
the phosphorus present in the sample. The Spectronic 70 
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lS an analytical instrument designed for spectroscopic 
studies of radiant energy emitted at a specific wavelength. 
A wavelength of 880 millimicrons was used in this study. 
3. Analytical Balance 
A Mettler Analytical Balance, Model HlOW, manufactured 
by the Mettler Instrument Co., Highstown, New Jersey, was 
used for gravimetric analysis of total and suspended 
solids in sediment characterization. 
4. Drying Oven 
During the solids determination and the drying of 
sediment sample, samples were dried in a Precision Scien-
tific Co. Thelco Drying Oven, Model 28, manufactured by 
Precision Scientific, Chicago, Illinois. This oven was 
utilized at a temperature of 103°C for a period of 12 
hours for solids determination. 
5. Muffle Furnace 
During the solids determination, samples were dried 
at a temperature of 55°C in a Lab-Heat Muffle Furnace 
manufactured by Blue M Electric Co., Blue Island, Illinois. 
6. Walk-in Incubator 
Three Labline, Environ-Rooms, or controlled e nviron-
me ntal rooms were u tilized for the storage of samples a nd 
for the environmental conditions required in the study. 
These environmental rooms are a product of Labline In-
s truments , I nc., 15th a nd Bloomingdale Avenue , Me lrose 
Park, Illinois. For storage, one room was maintained at 
4°C, while f or the study it was maintained at l0°C and 35°C. 
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7. Centrifuge 
During the collection of supernatant, two centrifuges 
were employed to separate sediment from the supernatant. 
The centrifuges used were a Universal Model UV and an 
International Clinical Centrifuge, both manufactured by 
the International Equipment Co., Needham Heights, Mas-
sachusetts. These centrifuges were used at such a speed 
as to develop 200 gravities (6) for a period of 10 minutes. 
8. Kjeldahl Unit 
The Kjeldahl apparatus used for ammonia and organic 
nitrogen determinations was a 24-unit instrument allowing 
12 distillations and 12 digestions simultaneously. This 
apparatus is manufactured by Lab Con Co. 
9. Comparator 
For the determination of chlorine residual in the 
tap water and dechlorinated tap water, a Wallace and 
Tiernan Comparator was utilized. This comparator uses 
a standard color disk and ortho-tolidine reagent to 
measure the total chlorine residual and is manufactured 
by Wallace and Tiernan, Inc., Belleville, New Jersey. 
10. Core Sampler 
The core sampler employed in this study was con-
structed ln two interlocking parts: the handle and the 
core tube. The 51 inch polyvinyl chloride (PVC) handle 
had an interior diameter of 2 inches and was constructed 
with a female coupler at one end. The 12 inch core tube 
51 " 
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was constructed of Plexiglas pipe of 2 inch interior di-
ameter with a male coupler attached and the opposing end 
sharpened. This arrangement allowed the interchanging 
of several core tubes, thus speeding sampling. In 
sampling, a rubber stopper was placed in the upper 
end of the handle after the core tube had reached suf-
ficient depth in the sediment, thus creating a vacuum 
and allowing removal of the sampler from the stream 
bottom. 
11. Reactor Bottles 
The reactor bottles utilized in this study were 1 
gallon (3.785 liters) glass containers. These containers 
are of the type commonly used to store fountain syrup 
in drug stores. Prior to use, they were cleaned by 
a series of washes and rinses designed to remove or-
ganics and phosphorus. These consisted of a washing 
with nonphosphate detergent, a tap-water rinse, a wash 
with potassium dichromate cleaning solution, a tap-water 
rinse, a 1 + 1 hydrochloric acid wash and two final dis-
tilled water rinses. 
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The rationality of utilizing glass containers lS based 
on two facts. There is some dispute about the use of plas-
tic containers ln studies determining phosphorus. Some 
workers (22) feel that plastic will adsorb phosphorus from 
the aqueous solution thus compromising the results. The 
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second reason lies ln the fact that visual observation 
would only be possible by using clear containers. Plastic 
containers of the desired size are not commonly made of 
clear plastic. 
Two reactor bottles were utilized at each pH and 
temperature condition. The buffer solutions were added 
to the bottles, then one bottle was seeded with 40 ml of 
domestic sewage while .1 g of mercuric chloride was added 
to the other. This procedure would facilitate the analysis 
of the effects of microbial activity and physical-chemical 
release processes. The bottles were then allowed to ac-
climate to the desired temperature for a period of 24 
hours. After this period, the sediment was added marking 
the beginning of the test. 
B. Materials 
1. Sediment Samples 
Two types of sediment samples were employed in this 
study. The first sample type was from a small stream re-
celVlng a large percentage of its flow from waste treat-
ment plant discharge. The other sample type was from a 
major river. 
The first sampling site was 500 ft. below the dis-
charge of the Love Creek Treatment Plant of Rolla, Mis-
sourl. This plant is located at the confluence of the 
Burgher Branch and Love Creek and discharges into the 
Burgher Branch at an average flow of 1.5 million gallons 
per day. During the period (June-September, 1972) that 
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the samples were taken, this plant was adding new units to 
the treatment scheme. This construction necessitated by-
passing part of the daily flow causing an increased loading 
of organics and solids ln the stream. 
The second sample type was taken from the Missouri 
River at Jefferson City, ~issouri. The sampling site was 
approximately 1,500 feet downstream from the highway bridge 
on U.S. 63 at Jefferson City on the northern bank of the 
river. All samples were taken by means of the modified 
core sampler which was discussed in the equipment section. 
Afte r the samples were collected, they were returned to the 
laboratory. Characterization was conducted using a portion 
of the thoroughly stirred sample while the remaining por-
tion was dried in a drying oven at l03°C. The character-
i zation of the samples involved determination of chemical 
oxygen demand (COD) on dry sediment, sediment pH, total 
phosphorus and ortho-phosphates, total and ammonia nitrogen, 
water content, total solids, and suspended solids on wet 
sediment. The dried sample was then pulverized by means 
of a mortar and pestle. The pulverized sediment was 
graded using a No. 40 sieve which is commonly used in soil 
investigations. 
2. Buffer Solutions 
Three buffer solutions were uti lized in this seri es 
of studies . These solutions were prepare d us i n g the de-
chlorinated tap water previously prepared . The solutions 
were prepared using formulations from the Handbook of 
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Chemistry and Physics (l9,pD-80). The pH's desired were 6, 
8, and 10. The chemicals utilized were potassium phthalate 
and sodium hydroxide for pH 6, sodium borate and hydro-
chloric acid for pH 8, and sodium borate and sodium hydrox-
ide for pH 10. During the Missouri River batch study, in 
which these buffers were first used, a problem of masking 
the COD release by the high COD of the potassium phthalate 
was encountered, subsequently in the following tests a com-
bination of sodium borate and hydrochloric acid was used. 
The use of sodium borate and hydrochloric acid, as well as 
the other buffer solutions, produced no masking effect. 
These three pH's were chosen because of their importance in 
microbial activity. The pH values of 6 and 10 approach the 
lower and upper limits at which most microbial activity 
normally occurs. The pH 8 is midway between these values 
(the upper and lower pH used) and represents a region at 
which pH is less inhibiting; optimum being pH 7. The 
solutions were prepared for each study in volumes required 
thus giving uniform characteristics and pH measurements were 
taken daily to assure that the pH was within! 0.5 pH of 
that desired. 
3. Mercuric Chloride 
In the systems determining chemical hydrolysis, mer-
curic chloride was chosen to inhibit the microbial activity. 
Mercuric chloride is bactericidal because of its ability 
to inactivate certain enzymes (2l,p296). In particular, 
it reacts with the sul£hydryl group C-SH) upon which many 
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enzymes depend. The inactivation of the sulfhydryl (-SH) 
group is as illustrated: 
SH 
ENZYME~ + HgCl2 
SH 
2HCL 
A concentration of l g/l was used during the study on 
the basis of the disinfecting concentration required for 
mercuric chloride (1:1000 or l gm/l)(2l,p297). 
C. Methods of Sediment Characterization and Supernatant 
Analysis 
The analytical methods utilized for the sediment 
characterization and supernatant analysis were as follows: 
1. Chemical Oxygen Demand 
The chemical oxygen demand test was employed to 
provide a measurement of the organic strength present 
in the original sediment and also the supernatant 
collected in the test. COD was determined by 
measuring the amount of chemical oxygen required to 
convert the organic matter present in the sample to 
carbon dioxide and water. 
Two COD apparatus were utilized in the determina-
tions. One apparatus employed eleven assemblies a nd 
the other had six. Each of the seventeen reflux as-
semblies consisted of a 300 ml round bottom flask with 
a ground glass neck attached to a reflux condenser. 
The determinations were made using the dichromate 
reflux method as outlined l n Standard Methods ( 20,p 27 0). 
A mixture containing .4 g mercuric sulfate, 10.0 ml of 
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.250N potassium dichromate, 20.0 ml of sample, 30 ml 
of sulfuric acid with silver sulfate, and a number of 
glass beads was refluxed for a period of 2 hours. It 
was then cooled and diluted to approximately 150 ml 
with distilled water. The remaining potassium di-
chromate was then titrated with .lON ferrous ammonium 
sulfate using a ferroin indicator solution. A reagent 
blank containing distilled water in place of the sam-
ple was also run. For sediment characterization .1 g 
of dried sediment in 20 ml of distilled water was used 
as sample. 
2. Total Solids 
Total solids were measured by the procedure out-
lined in Standard Methods (20,p540) for total residue. 
The apparatus required for this determination was an 
evaporating dish, analytical balance, and a drying 
oven. The evaporating dish was dried for at least 
60 minutes at a temperature of 55°C, then cooled in a 
desiccator and weighed to the nearest 10 mg. A 3 to 
5 g size sample was then placed in the dish and the 
dish was again weighed. The dish was then placed in 
an oven at 103°C overnight. After cooling in a 
desiccator, it was again weighed. The difference 
between the weight of wet and dry sample was con-
sidered as the moisture content. The increase in 
weight between the tare and dried sample was con-
sidered to be the total solids. 
A X 100 
TOTAL RESIDUE (%) = B 
MOISTURE CONTENT (%) = (B - A) x 100 
B 
A = weight of dried solids 
B = weight of wet sample 
3. Volatile Solids 
The volatile residue, which includes organic 
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matter and volatile inorganic salts, was determined 1n 
this test. The residue left from the total residue 
determination was ignited in an electric muffle fur-
nace at 550°C for 60 minutes, avoiding a loss of 
solids by decrepitation. The dish was then cooled 1n 
a desiccator and reweighed. The decrease in weight 
was considered the volatile solids. 
VOLATILE RESIDUE (%) = (A - Cl x lOO 
A = weight of dried solids 
C = weight of ash 
4. Fixed Solids 
Fixed solids were determined by considering the 
ash after the volatile solids determination as fixed 
solids as outlined in Standard Methods (20,p536). 
TOTAL SOLIDS - VOLATILE SOLIDS = FIXED SOLIDS 
FIXED RESIDUE (%) = C xAlOO 
A = weight of dried solids 
C = weight of ash 
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5. Nitrogen Determination 
The nitrogen determinations were used to determine 
the concentrations of nitrogen, both ammonia and total 
Kjeldahl, present in the sediment samples and col-
lected supernatant. The procedures utilized were 
those outlined in Standard Methods (20,p453). 
In the ammonia nitrogen determinations, 40 ml of 
sample was placed in an 800 ml Kjeldahl flask. Then 
10 ml of phosphate buffer solution was added to the 
sample to adjust the pH during the subsequent dis-
+ 
tillation process to a pH of 7.4 - 0.2. The sample 
was then diluted to 300 ml with ammonia free water. 
The distillate (200 ml) was collected in a 500 ml 
flask containing 50 ml of indicating boric acid 
The distillate was then titrated 
with a standard sulfuric acid titrant to determine 
the ammonia nitrogen present. The calculation is 
shown below: 
. ml H2so 4 titrant x .20 x 1000 mg/1 ammon1a n1trogen = 
ml of sample 
Total Kjeldahl (organic) nitrogen was determined 
utilizing the residue from the ammonia nitrogen deter-
mination. After cooling of the flask from the ammonia 
nitrogen determination, 50 ml of digestion reagent, a 
potassium sulfate - sulfuric acid - mercuric oxide 
solution, was added. This mixture was then digested 
until the solution cleared and for an additional 30 
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minutes to completion. The flask was then allowed to 
cool, diluted to 300 ml with ammonia-free water and 
0.5 ml of phenophtalein indicator solution was added. 
Sodium hydroxide - s o dium thiosulfate reagent was then 
added to form an alkaline layer at the bottom of the 
flask. The remaining procedure paralleled that of the 
ammonia nitrogen determination. Organic nitrogen was 
then calculated as follows: 
mg/1 organic N = (~ -fE) x f8° 
m o samp e 
D = ml H2so 4 titration of sample 
E = H2 so 4 titration for blank 
6. Total Phosphorus and Orthophosphates 
The total phosphorus determinations wer e measure d 
by the p roced ure introduced by Jankovic, Mitche ll, a n d 
Buzzell, Jr. (2 2 ). 
A 2 gm wet sample was chosen and diluted with 
disti lled wa t e r to 1 lite r, mixed f or o ne h ou r , a n d 
then approximately 50 ml was f iltered. This f iltered 
s a mple plus 8 ml of mixed reagent, we r e place d into a 
5 0 ml Ness l er tube . The mi xed reagent cons i sted of a 
t h orou gh l y mixed solution of 125 ml of 5N H2so4 a n d 
3 7.5 ml of ascorbic a c id solution and 12.5 ml of 
p otas sium a n t imony l t artra t e solutio n. Thi s reagen t 
was p repared daily as requ ired . Af t er p l acin g t h e 
sample and mixed reagent in a Nessler tube and shaking 
the contents, the mix ture was allowed to develop color 
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for lO minutes. The color development in the sample 
was then observed using a Spectronic 70 at a wavelength 
of 882 millimicrons. The total phosphorus was then 
determined by comparing the light adsorption against 
a standard calibration curve prepared with known phos-
phate solutions. 
Orthophosphates were determined by use of the 
procedures outlined by Edwards, Molof, and Schneeman 
( 2 3) • This procedure is similar to that outlined for 
total phosphorus. In this procedure, the combined 
reagent consisted of 50 ml of SN H2so 4 , 5 ml of 
potassium antimonyl tartrate solution, 15 ml of am-
monium molybdate solution, and 30 ml of ascorbic acid. 
7. Sampling of Supernatant 
Sampling of supernatant was accomplished by 
stirring the supernatant to obtain a uniform sample 
and withdrawing 75 ml of supernatant with pipettes. 
The 75 ml sample was centrifuged and necessary 
analysis conducted. 
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IV. RESULTS AND DISCUSSION 
A. Sediment Characterization 
1. Collection and Characterization of Sediment Samples 
The collection and characterization of sediment samples 
was conducted as the first stage of this study. Sediment 
samples were collected using the core sampler described in 
the equipment section. Characterization of the sediment 
samples consisted of COD determinations, pH of sediment 
supernatant, ammonia and organic nitrogen, total and ortho-
phosphate, and solids determinations. The COD determina-
tions were made using .1 g dried sediment diluted to 20 ml 
with distilled water. The total solids, ammonia and or-
ganic nitrogen characterizations utilized wet sediment 
samples as prescribed by Standard Methods (20). Suspended 
solids and phosphate determinations were made from samples 
of aliquot of 5 gm wet sediment sample diluted to 500 ml 
with distilled water, stirred for 5 minutes and allowed to 
settle for one hour. The pH was determined from super-
natant of a beaker containing 100 gm wet sediment and 100 
ml of distilled water which was allowed to stand for 24 hr. 
at room temperature. The results of this characterization 
are illustrated in Table 1. 
The water content of the Missouri River sediment 
sample was approximately three-fourths that of the Love 
Creek sediment samples. The higher water content indicates 
Love Creek type sediment to be of a deposit of recent 
nature. Older deposits undergo compaction, thus forcing 
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Table l. Sediment Characterization 
SEDIMENT LOVE CREEK SEDIMENT SAMPLES MISSOURI RIVER 
CHARACTERISTIC SAMPLE l SAMPLE 2 SAMPLE 3 SAMPLE 
Date collected May 16, 1972 June 7' 1972 September 5 ' 1972 J ul y 12, 197 2 
pH 6.9 6. 8 6.9 7.1 
Solids Wt. (gm) % Wt. (gm) % Wt. (gm) % Wt. Cgm) % 
Water Content 6.0833 40 l. 4483 40 10.9850 42 .9900 i8 
Total Solids 9.1741 60 2.1559 60 15.3784 58 2 .5080 72 
Fixed Solids 8.61457 94 1.9822 92 14.6087 95 2 .4129 96 
Volatile Solids .5284 6 .1737 8 .7697 5 .0951 4 
Suspended Solids 
Total . 0139 .0132 .0083 .0063 
Fixed .0121 87 .0108 81 .0066 80 . 0054 86 
Volatile .0018 13 .0024 19 .0017 20 . 0009 14 
COD mg/1 288 214 196 89 
(.1 gm dry sediment) 
Nitrogen mg/1 
0 . 7 Ammonia 0 . 7 1.4 
Organic 38.5 35,0 28.0 14 .0 
Total 38.5 35.7 29.4 14 .7 
Phosphorus ~g/1 
150 65 0 Ortho 200 170 
Total 600 530 450 920 
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out the connate water. Older deposits are also of a less 
organic nature since with the passage of time organisms 
utilize the organic material contained in the sediment and 
the organics then are passed along the food chain. A com-
parison of the COD values of the sediments would support the 
evidence that Love Creek sediment is younger based on the 
previous discussion. 
The low ammonia content exhibited by the sediments may 
be due to the sampling method utilized. When the sediment 
cores were removed from the core tube sampler, they were 
disturbed thus allowing ammonia present in the sediment to 
escape to the atmosphere since the pH of the anaerobic 
layer would normally be high enough (pH 9-10)(7,p33) to 
permit gas to escape. The higher organic nitrogen content 
of the Love Creek type sediment would be expected since 
its higher COD reveals the sediments greater organic 
nature. 
The Love Creek type sediment samp l es were collected at 
various times during the period of the investigation. The 
first and second samples were collected in the late spring, 
while the third sample was collected in the late summe r . 
There was a progressive decrease in COD and organic nitro-
gen among the three samples. The decrease could be a re-
s ult of the higher flows in the spring enabling a transport 
and subsequent deposition of a greater sediment load than 
the lower flow of late summer could maintain. Anothe r 
factor would be that the warmer weather of the summer would 
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enable maintenance of a higher level of · b' · m1cro 1a l act1vity 
and physical-chemical reactions thereby reducing the or-
ganic content of the benthos. This finding has been sup-
ported by Camp (ll,p297) who states that the greatest 
oxygen demand created by bottom deposits occurs during low 
flows and warm weather; since oxygen demand of bottom de-
posits is related to the diffusion rate of oxidizable 
materials from the deposit, the higher oxygen demand means 
a greater removal of organics from the sediments. 
2. Rate and Extent of Release Studies 
a. Preliminary Investigation 
A preliminary study was undertaken to determine 
the quantity of sediment which should be added to the 
batch reactors, and gain insight into the interval 
required for the release to reach a constant level. 
The study was conducted using Love Creek Sediment 
Sample 1. Paired reactors were operated using 10 g 
and 100 g of sediment; test conditions were 22°C 
using nonbuffered solutions of dechlorinated tap 
water; one bottle seeded with 40 ml of domestic 
sewage while the other contained 1 g/1 mercuric 
chloride (see page 37). These would be the con-
ditions for studying the microbial mechanisms and the 
The results of the in-physical-chemical mechanisms. 
vestigation are shown in Table 2. The supernatant 
COD was selected as the criterion for analyzing re-
sults of the investigation since COD release would be 
3 7 
Table 2 . Pre 1 imina ry Investigation of Love Creek Sediment #1, 
Run at 22°C and Unbuffered 
Time 100 g Sediment 100 g Sediment 10 g Sediment 
Interval 0 g HgC12 1 g/1 HgC1 2 0 g/1 HgC1 2 
pH COD mg/1 pH COD mg/1 pH COD mg/1 
Hours 
. 5 5. 7 1200 6.5 9 83 6. 9 0 
1 6. 5 546 6.3 684 7. 0 0 
3 7. 2 . 792 6.3 216 7.0 0 
5 7.2 764 6.5 540 7.0 0 
8 7.4 764 6.5 720 0 
12 6.5 720 0 
Days 
504 0 1 7. 0 972 
2 7.4 787 7.0 7.1 680 
3 7. 8 1002 6.1 823 7.1 1289 
4 7. 9 608 6.1 572 7.1 55 0 
5 8.1 465 6.1 645 7.1 570 
6 8.1 6. 3 7.1 
7 8.2 1540 6.1 750 7.1 107 
8 8.2 535 6.1 750 7.1 
3 8 
the basis for terminating the batch study. On the 
basis of the results the 100 g sample proved to be the 
best weight. A larger sample could yield a release of 
such a size as to create conditions, i.e. DO, COD, and 
pH conditions, which would interfere with the study. 
A smaller sample, such as the 10 g sample, would have 
yielded results which would have been too small to 
measure accurately. The smaller sample would also 
have prevented the development of the anaerobic layer 
since the depth of the sediment layer would have been 
insufficient for its appearance. The abnormal COD re-
s ults of the 10 g sample cannot be explained but such 
conditions were to be disruptive to the study if they 
occurred during the test period. 
The duration of the investigation was sufficie nt 
to reach a release which was considered stable (see 
Figures 4 and 5). The fact that the release could 
r each a stable level within a matter of days i s s up-
ported by Sawyer (24) a nd Fair, et a l. (5). Sawyer , 
based on his work with lake sediments, stated that the 
re lease should reach a c ons tant level in a short period 
of time. Fair, et al . ln his investigatio n on t h e 
effect of temperatures on bottom deposits, found that 
the BOD release was constant after a period of l to 2 
days. However, Fair f ound tha t ammoni a , nitrite , a nd 
nitrate did not stabilize for a bout 2 mon t hs. 
700 
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b. Batch Study 
The batch study was undertaken utilizing infor-
mation from the preliminary investigation. A quantity 
of 100 g of dried sediment was placed 1n the batch 
reactors after the acclimation period of 24 hours; 
75 ml samples of sediment supernatant were taken for 
analysis at the selected sampling intervals. 
The Missouri River sediment batch study was con-
ducted utilizing paired batch reactors for each en-
vironmental and release condition, i.e. two bottles 
at a pH of 8, temperature 22°C, a nd 0 g/1 HgCl2 , etc. ; 
this duplication would allow checking of the values of 
the parameters. The practice of using two bottles 
rather than taking two samples from the same bottle 
was n ecessary since there were 13 sampling times and 
duplicate sampling from the same bottle would remove 
1,950 ml (2 x 75 ml x 13) from the 2 liters present at 
the beginning of the test . The a verage of the dup -
licate samples for the batch study are illustrated in 
Figures 6 through 9 (because of COD masking previously 
explained, the COD at pH 6 are not illustra t e d--see 
materials section , page 24). 
The Love Creek type sediment utilized in the 
batch study was from Sediment Sample 2 ( Table l ). 
Duplicate reactors, as described above , we r e initia lly 
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reasonably close (- 10% of mean) the practi ce was dis -
continued. The COD results are illustrated in Figures 
10 through 14. 
A phenomenon which occurred in both the batch 
studies is the series of peaks and depressions which 
were observed within the first day after the test was 
begun. Normally the COD of the first sampling period 
(0.5 hr.) was 1.5 to 2 times as great as that for 
the sample taken at l hour. The sediment had been 
dried and pulverized before the test, making 
solubilization of the organic material quite 
rapid once it came into contact with the water; 
this would account for the first reading being high. 
Adsorption of this solubilized organic matter by col-
loids would account for the depression in organics at 
one hour. Bioadsorption would have occurred in the 
bottles which were seeded with sewage, also contri-
buting to the depression. The peak which occurred 
after this depression was the result of the adsorbate 
seeking to reach a condition of equilibrium between 
adsorbents and the solution. This series of events 
would be in line with the Langmuir theory for adsorp-
tion isotherms (l2,p26-2l). Liao (24) also found that 
adsorption took place quite rapidly followed by de-
sorption until a final equilibrium was established. 
Once the equilibrium is reached it becomes fairly 
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required for 50 per cent reduction in the demand rate 
was 0.3 yr. Both batch studies established this near 
constant rate within 2 to 5 days as would have been 
anticipated from the above discussion and the results 
of the preliminary investigation. 
In both the Missouri and Love Creek sediments a 
relationship appeared between the microbial release 
and the physical-chemical release. During the period 
Day 3 to Day 5, there developed an lnverse relation-
ship between the microbial and physical-chemical re -
leases, in that a rise in the release of one was ac-
companied by a decrease in the other. (For example 
see Figure ll. ) Since these elevations and depres -
sions in COD occurred in separate bottles it would 
indicate an interdependence of the two types of re-
lease, i.e. when physical-chemical processes were sup-
pressed the microbial activity might compensate in an 
effort to maintain equilibrium. 
The Ammonia Nitrogen, Organic Nitrogen, and Ortho-
phosphates release for both Missouri and Love Creek 
sediments are tabulated in Tables 3 through 8. The Am-
monia Nitrogen never stabilized during the test period . 
Fair, et al. (5) recorded measurable increases in am-
monia, nitrite, and nitrate for a period of two months . 
The lack of ammonia in the higher pH solutions could be 
a function of the solution pH since at a pH of 7.0 only 
ammonium ions are in true solution but as pH increase 
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Table 3a. Missou r i Rive r Sediment Batch Study at pH 8 and Tempera ture 22°C 
0 HgCl 2 l g /1 HgCl 2 
Nitrogen Ortho - Nitroge n Ort h o-Ammonia Organi c Phospha te Ammonia Orga n i c Ph osphate Time mg/1 mg/1 mg/1 mg /1 mg/ 1 mg / 1 
Hr. 






l 0 2 . 5 1.7 
2 0 5 . 3 0 4 . 9 
3 0 4 . 6 0 3 . 2 
4 0 3. 5 2.14 0 3 . 2 . 4 8 
5 4 . 8 9 . 1 . 7 0 1.4 7 . 4 6 
6 0 3. 2 . 5 3 0 7 . 45 
7 3 . 5 7.4 . 7 5 . 5 6 .5 1 
Table 3b . Missouri River Sediment Batch Study at pH 10 
and Temperat ure 22°C 
0 HgCl 2 l g/1 HgCl 2 
Nitrogen Ortho- Nitrogen Ortho-
Ammonia Organic Phosphate Ammonia Organic Phosphate 
Time mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 
Hr. 







l 2. 5 . 89 
2 0 3. 5 0 2. 5 
3 0 7 0 6.7 
4 0 4. 2 . 9 8 0 7.0 1.06 
5 • 7 6.9 1.7 0 2 . 5 1 . 58 
6 0 7 .78 0 7 . 7 1.13 
7 0 10.2 .81 0 9 .5 1 . 16 
5 4 
Table 4a. Missouri River Sediment Batch Study at pH 6 and Temperature 22°C 
0 HgCl2 l g/l HgCl 2 
Nitrogen Ortho- Nitrogen Ortho-
Ammonia Organic Phosphate Ammonia Organic Phosphate Time mg/l mg/l mg/l mg/l mg/l mg/l 
Hr. 
. 5 0 5. 3 .42 0 3.9 . 77 
Days 
l . 3 8 . 55 
2 0 5. 3 0 4.2 
3 4.9 0 3. 9 
4 0 8.1 .13 0 7.4 . 55 
5 . 3 5 6.0 .13 . 7 7.4 .82 
6 1.80 3. 9 . 3 7 2.1 6. 0 .41 
7 0 27.7 .47 0 5. 2 . 50 
Table 4b. Missouri River Sediment Batch Study at pH 8 and 
Temperature 35°C 
0 HgCl 2 l g/l Hg Cl 2 
Nitrogen Ortho- Nitrogen Ortho-
Ti me Ammonia Organic Phosphate Ammonia Organic Phosphate 
Hr. 
. 5 0 30.1 . 3 7 0 4.6 .64 
Days 
l .7 2 . 3 3 
2 0 3 . 9 0 4. 2 
3 0 4.9 0 4. 9 
4 3. 5 7. 7 .45 0 7. 4 .64 
5 0 3. 9 . 87 2 .1 2. 8 1. 1 5 
6 1.4 10. 2 .76 1 .4 5. 6 . 7 8 
7 2 . 5 1 3 . 7 .76 0 2 5. 9 . 6 7 
55 
Tab l e 5. Missour i Ri v e r Sed i ment Batch Study at pH 8 and 
Temperature 5°C 
0 HgCl 2 l g /l HgC1 2 
Nitrogen Or tho- Nitrogen Ortho-
Ammonia Organic Phosphate Ammonia Or gani c Pho sphate 
Time mg/l mg/l mg/1 mg/1 mg / 1 mg/1 
Hr. 
. 5 0 5.6 .74 0 4.2 . 56 
Day 
4.2 . 58 l . 7 6. 3 .68 0 
2 
3 3.5 7. 0 .74 0 4. 2 .38 
4 




Table 6a. Love Creek Sediment Batch Study at pH 8.0 and 
Temperature 22°C 
0 HgCl 2 l g/1 HgCl 2 
Nitrogen Or tho- Nitrogen Ortho-
Ammonia Organic Phosphate Ammonia Organic Phosphate 
Time mg/l mg/l mg/1 mg/1 mg/1 mg/1 
Hr. 
. 5 3.5 3.5 .15 0 1.4 . 29 
Day 
l 5.6 10.5 . 13 7 
2 5.6 14.0 4. 2 14 .0 .29 
3 4.2 3.5 .26 4.9 8.4 
4 3 .5 11.2 3.5 7 . 7 . 2 3 
5 4.9 1 2. 6 . 2 3 4.9 8 .4 
6 3 . 5 9.1 4.9 8 .4 . 29 
7 
Table 6b. Love Creek Sediment Batch Study at pH 10 and 
Temperature 22°C 
0 HgCl 2 l g/1 HgCl 2 
Nitrogen Ortho- Nitrogen Ortho-
Ammonia Organic Phosphate Ammonia Organic Phosphate 
Time mg/l mg/1 mg/1 mg/l mg/l mg/1 
Hr . l.l 
. 5 0 7 l. 31 0 3. 5 
Day 
3. 3 0 10.5 3. 0 l 0 3. 5 
2 0 21 .0 0 
10.5 
3 0 21 . 0 3 . 0 0 
16.1 3 . 1 
4 0 28.0 0 
14 .0 
5 0 26.6 1.8 0 
10 . 5 3.1 
















Love Creek Sediment Batch Study at pH 6 and Temperature 22°C 
0 HgCl 2 l g/l HgC1 2 
Nitrogen Ortho- Nitrogen Ortho-
Ammonia Organic Phosphate Ammonia Organic Phosphate mg/l mg/l mg/1 mg/1 mg/1 mg/1 
3.5 3. 5 . 2 3 0 1.4 . 2 3 
5.6 . 2 5 7 10.5 . 3 0 
5.6 14.0 4.6 14.0 
4.2 9 . 2 . 2 9 4.9 8.4 .29 
3.5 ll.2 3.5 7. 7 
4.9 12.6 . 0 7 4.9 8.4 . 3 7 
3.5 9.1 4.9 8.4 
Love Creek Sediment Batch Study at pH 8 and 
Temperature 35°C 
0 HgC1 2 1 g/1 HgC1 2 
Nitrogen Ortho- Nitrogen Ortho-
Ammonia Organic Phosphate Ammonia Organic Phosphate 
Time mg/l mg/l mg/1 mg/l mg/1 mg/1 
Hr. 
. 5 0 2 . 8 . 24 2. 8 4. 2 . 9 3 
Days 
l 0 6. 3 . 3 7 2.1 5. 6 . 7 5 
2 
3 0 3. 5 . 2 7 2 . 1 3. 5 . 6 7 
4 




Table 8. Love Creek Sediment Batch Study at pH 8 and 
Temperature 5°C 
0 HgCl 2 l g/l HgCl 2 
Nitrogen Or tho- Nitrogen Ortho-
Ammonia Organic Phosphate Ammonia Organic Phosphate 
Time mg/l mg/l mg/l mg/l mg/l mg/l 
Hr. 
• 5 0 3.5 . 3 7 0 3. 5 .3l 
Day 
l 0 2. 8 .35 0 2.l .3l 
2 
3 . 7 4.9 .3l 0 3.5 .28 
4 
5 0 3.5 .3l 0 3. 5 .3l 
6 
7 





The organic nitrogen and orthophosphates remained 
relatively constant. The fact that the orthophosphates 
reached a constant level within a matter of hours 
could be supported by Parcells (9) who found similar 
results in his work with phosphorus release from 
sediments. 
The results of the studies conducted at 22°C with 
varying pH ranges shows the dependence of release 
mechanisms on pH. Release levels for both the Missouri 
River and Love Creek sediments were highest for pH 10 
and lowest for pH 6. McKeown, et al. (26) found that 
increasing pH of a benthal deposit of a wood origin 
resulted in an increase in the oxygen demand rate. 
Huang (6) found that adsorption of pesticides was 
greatest at a pH of 6 and lowest at a pH of 10; this 
would indicate that clays desorb best at high pH. The 
physical-chemical mechanisms of release are not merely 
a desorbing mechanism, however, but could also include 
chemical hydrolysis for example. Su ch processes be -
cause of the increase o f OH in the s upernatant at the 
elevated pH could occur more rapidly and to a greater 
extent than realized at the lower pH . 
The results f or the effects of t e mperature are 
much less conclusive than those for pH. The Missouri 
sediment experienced a greater release at 5°C than at 
60 
the other temperatures; 37°C having the next greatest 
release with 22°C being the lowest. In the case of the 
Love Creek sediment, however, the release rate in-
creased with an increase in temperature. Since the 
Missouri River sediment release does not increase in-
cremently with an increase in temperature, the release 
mechanisms for this sediment are perhaps more physical 
since these mechanisms are less affected by temperature. 
The fact that the Love Creek sediment contains almost 
three times as much organics as the Missouri River 
sediment could have much to do with this difference 
in release. Since concentrations of organics are much 
less in the Missouri sediment, microbial activity, with 
its accompanying chemical changes, is likely to occur 
at a much reduced rate. Hence, the release would 
largely occur due to the concentration gradient present 
between the solution and the sediment. Workers (14,9, 
5) have also found that the concentration of organics 
lS important ln the adsorptive qualities of bottom 
deposits, which could also be of importance in this 
d i f ference in release. 
c. Fill and Draw Study 
The fill and draw study was conducted in a manner 
similar to the batch study with the exception that 75 
ml of buffered solution was used to replace the 75 ml 
r e moved at each sampling period. The buffered solution 
was added because addition of unbuffered distilled 
6 1 
water or dechlorinated tap water would have altered 
the pH of the reactor by termination of the test. The 
procedure of fill and draw would allow observation 
under conditions similar to those in nature in that 
stream flow provides a diluting effect; diluting 
creates a greater concentration gradient allowing a 
larger extent of release. 
The COD results of the Missouri River sediment 
study are shown in Figures 15 through 19. The results 
of this study are much higher as would be expected 
because of the greater concentration gradient. Love 
Creek sediment COD results, as illustrated in Figures 
20 and 24, experienced similar results considering the 
lower COD content of Sediment Sample 3 (Table 1) which 
was utilized in this final study. 
The COD release again reached a constant level 
during the 5-day period but was a much more erratic 
release. This would be a result of the equalizing 
effect between sediment and solution which would be 
affected by the dilution. The per cent release for 
the Love Creek sediment, based on the COD of the dried 
sediment, was lower than that of the Missouri sediment. 
A factor which might account for the difference 1n per 
cent release from that of the batch study would be the 
difference in characteristics of the Love Creek sedi-
ment. Since the Sediment Sample 3 was taken in late 
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solubilized since the easily solubilized organics 
would be utilized by the microbes first, the microbial 
activity would have been highest in the late 
previously described (page 35). 
summer as 
The dependency of release mechanisms upon pH 
was again exhibited in the fill and draw studies 
similar to the batch studies. Both the Missouri and 
Love Creek sediments had the greatest release at pH 10 
and the lowest release at pH 6. This could be the 
result of the dissociation of weak organics with an 
increase in solubility at the higher pH. 
The temperature studies exhibited variations from 
the results of the batch study. The Missouri sediment 
experienced its highest release at 37°C and lowest 
release at 5°C which would follow the conclusion by 
Fair,et al. (12) mentioned previously about there-
lated decrease in adsorption with temperature. A 
greater related increase in microbial activity with 
the increase ln temperature was experienced than was 
exhibited in the batch study. Love Creek sediment, 
however, experienced a different set of results; its 
highest release was exhibited at 22°C while its lowest 
was at 5°C. The reason for such behavior cannot be 
explained. 
The release of Ammonia Nitrogen, Organic Nitrogen, 
and Orthophosphates followed the pattern developed in 
7 3 
the batch study. (See Tables 9 through 14.) The dis-
cussion of such results for the b atch study would 
therefore apply here. 
B. General Observations 
In both the batch and the f1..ll and draw studies, con-
ditions occurred with both Missouri and Love Creek sediment 
which have not been reported thus far, but do have a bearing 
on the research as a whole. 
1. Color Development 
The first observation was that of color development in 
the reactor bottles. There was a development of both ap-
parent and true color. 
The "apparent" color was proportionally greater at 
soc than at the other two temperatures of 3S°C and 22°C. 
The supernatant at 3S°C and 22°C became clear after the 
first day, whereas the supernatant at S°C remained turbid 
throughout the test period. This may be related to the 
density of the water, being greatest at 4°C and decreasing 
with increasing t e mperature and its effect on the s e ttling 
characteristics of particles, i.e., particles will settle 
slower at greater densities . 
True color was pre sent in the centrifuged samples 
since centrifuging removes all apparent color. The true 
color ranged from a slight yellow to a deep brown. The 
true color development was both pH and temperature de-
pendent; a difference was also noted be tween r eactor bo t -
tles containing mercuric chloride and those not containing 
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Table 9a. Missouri River Sediment Fill and Draw Study at 
pH 8 and Temperature 22°C 
0 HgC1 2 1 g/1 HgC1 2 
Nitrogen Or tho- Nitrogen Ortho-
Ammonia Organic Phosphate Ammonia Organic Phosphate Time mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 
Hr. 
. 5 . 7 3. 5 . 6 6 0 7 . 6 5 
Day 
1 . 7 . 7 .45 0 5. 6 . 69 
2 
3 . 7 . 7 . 3 5 0 7 . 70 
4 
5 . 7 5.6 . 6 5 0 7 3. 5 
6 
7 
Table 9b. Missouri River Sediment Fill and Draw Study at 
pH 10 and Temperature 2 2°C 
0 HgC1 2 1 g/1 HgC1 2 
Nitrogen Ortho- Nitrogen Ort ho-
Ammonia Organic Phosphate Ammonia Organic Phosphate 
Time mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 
Hr. 
. 5 0 8.4 3 . 6 . 7 7. 0 1 . 67 
Day 
1 • 7 6. 3 3 . 5 0 7 2. 5 
2 
3 0 7. 7 3 . 5 0 5 . 6 3 . 5 
4 




Tab le lOa. Missouri River Sediment Fill and Draw Study at 
pH 6 and Temperature 22°C 
0 HgCl 2 l g/1 HgC1 2 
Nitrogen Ortho- Nitrogen Ortho-
Ammonia Organic Phosphate Ammonia Organic Phosphate 
Time mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 
Hr . 
. 5 0 8.4 .48 . 7 7. 0 . 7 3 
Day 
l 0 6. 3 .46 0 7. 0 . 7 5 
2 
3 0 7. 7 .46 0 5. 6 . 8 8 
4 
5 0 7. 7 .31 0 6. 3 . 7 3 
6 
7 
Table lOb. Missouri River Sediment Fill and Draw Study at 












l g/1 HgCl 2 
Nitrogen Ortho- Nitrogen Ortho-
Ammonia Organic Phosphate Ammonia Organic Phosphate 
mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 
0 7. 0 . 81 . 7 
9.1 .69 
0 6. 3 .49 . 7 
5. 6 .72 
1.4 5.6 . 79 1.4 
• 9 0 
. 7 5. 6 . 7 
5. 6 • 7 2 
7 6 
Table ll. Missouri River Be~ment Fill and Draw Study at pH 8 
and Temperature 5°C 
0 HgCl 2 1 g/1 HgC1 2 
Nitrogen Ortho- Nitrogen Orgho-
Ammonia Organic Phosphate Ammonia Organic Phosphate 
Time mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 
Hr. 
. 5 0 3. 5 .49 0 5. 6 .65 
Day 
l 0 2.8 . 7 5 0 2.1 . 4 3 
2 
3 0 5. 6 .88 0 3. 5 . 6 9 
4 




Table l2a. Love Creek Sediment Fill and Draw Study at pH 8 
and Temperature 22°C 
0 HgCl 2 l g/l HgCl 2 
Nitrogen Ortho- Nitrogen Ortho-Ammonia Organic Phosphate Ammonia Organic Phosphate Time mg/1 mg/1 mg/l mg/l mg/l mg/l 
Hr . 
. 5 0 5.6 .15 . 7 5. 6 .08 
Da y 
l 0 5.1 . 37 0 4.9 .69 
2 
3 0 4.2 . 7 5 0 4.2 . 3 8 
4 
5 0 3. 5 .30 0 2. 8 . 36 
6 
7 
Table l2b. Love Creek Sediment Fill and Draw Study at pH 10 
and Temperature 22°C 
0 HgCl 2 l g/l HgCl 2 
Nitrogen Ortho- Nitrogen Ortho-
Ammonia Organic Phosphate Ammonia Organic Phosphate 
Time mg/l mg/l mg/l mg/l mg/l mg/l 
Hr. 
. 5 0 7. 7 . 6 7 0 7. 0 . 2 5 
Da y 
l 0 7. 0 . 6 6 0 3 . 5 .75 
2 
3 0 6. 3 1.67 0 3 . 5 . 8 7 
4 




Table l3a. Love Creek Sediment Fill and Draw Study at pH 6 
and Temperature 22 °C 
0 HgCl 2 1 g/1 HgC1 2 
Nitrogen Ortho- Nitrogen Ortho-Ammonia Organic Phosphate Ammonia Organic Phosphate Time mg/l mg/1 mg/1 mg/1 rng/1 mg/l 
Hr . 
. 5 0 4.9 . 3 7 1.4 4. 2 .07 
Day 
l 3.5 5.6 . 31 2.1 4. 9 .13 2 
3 1.4 7. 0 
4 
. 3 7 2.1 4.2 . 30 
5 2. 8 7.0 1.19 3 .5 3 . 5 . 3 8 
6 
7 
Table 13b. Love Creek Sediment Fill and Draw Study at pH 8 
and Temperature 35°C 
0 HgC1 2 l g/1 HgC1 2 
Nitrogen Ortho- Nitrogen Ortho-
Ammonia Organic Phosphate Ammonia Organic Phosphate 
Time mg/1 mg/1 mg/1 mg/l mg/1 rng/1 
Hr . 
. 5 2.1 5. 6 . 7 5 . 6 . 31 
Day 
l 1.4 4. 9 .37 0 4.9 . 24 
2 
3 1.4 4.9 . 23 0 4.9 . 2 5 
4 




Table 14. Love Creek Sediment Fill and Draw Study at pH 8 
and Temperature 5°C 
0 Hgcl 2 l g/1 HgCl 2 
Nitrogen Ortho- Nitrogen Ortho-
Ammonia Organic Phosphate Ammonia Organic Phosphate 
Time mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 
Hr. 
. 5 0 2. 8 .31 . 7 4.9 . 30 
Day 
l 3.5 2.1 .36 0 3. 5 .28 
2 
3 0 7 .56 0 5. 6 
. 2 5 
4 





mercuric chloride. The color development was greatest at 
the pH of 10 and lowest at pH 6. The bottles at pH 10 
developed a color greater than SOO units of color measured 
by comparison with a standard (20,pl62), while those at 
pH 6 were normally between S0-100. The greater true color 
at the higher pH could be caused by three factors: (a) the 
color setting effect created by higher pH, and (b) the re-
lease of organic acids and nitrogen containing substances 
which at the higher pH became more soluble. 
The bottles which were maintained at 37°C exhibited 
a color of greater than SOO units while those at S°C were 
usually in the range of 10-20 units. There are two factors 
which would explain such a development: (a) the release 
mechanisms for color-producing materials could be tempera-
ture dependent, and (b) the rates at which reactions take 
place in water at a temperature of S°C is zero for all 
practical purposes. These factors could be interrelated 
in that release mechanisms could be dependent on the rate 
of reaction of the solution. 
The fact that true color was greater in the bottles 
utilized in the study of microbial activity could be de-
pendent on several factors: (a) the microorganisms could 
be more efficient at removing the color-producing materials 
from the sediment than the physical-chemical mechanisms; 
(b) the greater color might be also related to the micro-
organisms which produce color-producing material as a by-
product of their metabolism; (c) a final explanation would 
8 1 
be the growth of pigmented microorgani s ms such as 
Sphaerotilus which would utili z e th e i ron o r similar 
materials present in the sediment. The colo r was from 
10-100 units greater for bottles witho ut mercuric chloride . 
Mercuric chloride itself may have suppres s ed the f ormation 
of true color. 
2. Microbial Activity 
Microscopic observation of t ypes and amoun t of 
microbial activity present in bottles without HgCl were 
2 
made periodically throughout the batch an d the fill and 
draw studies. As would be expected, th e mi croorganisms 
present at the beginning were low-energy de mandi ng bac-
teria, i.e., cocci and bacilli; after the f irst da y of 
the test, high-energy demanding organisms, i.e., protozoa , 
cilia and rotifers were observed. The increase in e nergy 
level of the organisms would be a result of the acc limation 
period during which food sources for the seed micr oorgan isms 
were scant and endogenous respiration took place, after the 
addition of the sediment, the organisms could ut i l i ze the 
released organics as food sources there by incre as ing i n 
members and allowing higher energy organisms to grow . The 
presence of these high-energy demanding organisms i s i m-
portant in that they would indicate an ae rob i c sys t em . 
The maintenance of an aerobic system is impo rtant a n d since 
these observations were made on samples from near t he sedi -
ment surface where DO concentration would be the lowest, 
at least a 1.5 mg/1 DO concentration was maintained 
8 2 
discounting deep sediment layers otherwise DO would become 
a factor on release (5,10). The DO concentration near the 
sediment surface would be the lowest experienced in the su-
pernatant regardless of the anaerobic condition of the deep 
sediment layers since anaerobic conditions occur regardless 
of DO concentrations of the supernatant. 
3. Sediment Appearances 
During the test period a change in the appearance of 
the sediment layer occurred. Initially the sediment appear-
ed to have the same color throughout the layer; however, as 
time progressed a distinct layering developed. The upper 
.25 em layer was a light gray ~n color, whereas the lower 
.75 em layer was a dark brown to black. The layering could 
be caused by two factors: a). differential settling of the 
sediment particles, b). the division of the aerobic and an-
aerobic layers present in the benthal deposits (5). 
4. Difference in COD Release Between Microbial and 
Phvsio-Chemical Mechanisms 
The physico-chemical release mechanisms were the pre-
dominant factor in the release of COD, nitrogen, and phos-
phorus in both test conditions. Microbial release was con-
sidered to be all the release above that found in the bot-
tles containing 1 g/1 HgC1 2 . Physio-chemical release ac-
counted for at least 80-90% of the organic material released 
This would indicate that the majority of the DO demand cre-
ated by organic release from the sediment would be indepen-
dent of the amount of microbial activity present. It would 
8 3 
be possible, therefore, to create a greater release of or-
ganics by increasing the rate of the physical-chemical pro-
cesses than would be possible by increasing microbial ac-
tivity. There would, however, be an inter-relation of en-
vironmental changes brought about by microbial activity and 
the release of organics by physio-chemical mechanisms. One 
instance of the interrelationship would be the elevation of 
pH created by an algal bloom; pH may reach a pH of 10 or 
higher usually at dusk when the algal system is switching to 
respiration from photosynthesis. The elevated pH would 
cause the greatest release from the benthos; the organics 
released would then place an additional strain on the DO 
demand of the stream besides that created by the respiratory 
demand of the algal bloom. The additional demand could 
create anaerobic conditions creating greater environmental 
problems. 
5. Relation of Experimental Conditions to Those 
Found in Nature 
The use of buffer salts and mercur1c chloride 1n this 
experiment could have had an effect on the release which 
was observed; altering the release from that which would 
occur in nature. The de-chlorinated tap water had a rela-
d Whl.ch, when compared to a water with tively high har ness 
d have an l"nhibiting effect on release. less hardness, woul 
V. RECOMMENDATIONS FOR FUTURE RESEARCH 
From the findings and experiences obtained in this 
study, the following recommendations are made for future 
investigations: 
l. Research should be carried out to isolate the 
specific mechanisms of the physical-chemical releases 
and determine the environmental considerations of these 
release mechanisms. 
8 4 
2. A lagoon study should be made in which algal 
bloom conditions would be maintained to determine if the 
elevation of pH under such conditions does cause increased 
release of pollutants. 
3. Additional studies should be conducted to deter-
mlne the cause of the inverse relationship of the microbi a l 
and physical-chemical release which occurs many times. 
85 
VI. CONCLUSIONS 
The following conclusions are based on the results of 
487 COD, 200 Organic Nitrogen, 200 Ammonia Nitrogen, and 
200 Orthophosphate values which were the result of analyses 
performed during this investigation: 
1. The mechanisms of release of organics from sedi-
ment are more physio-chemical in nature than release due 
to microbial activities. 
2. The release mechanisms are more pH dependent than 
temperature dependent. Increases in pH bring about corres-
ponding increases in organic release. This could be ex-
plained in part by the increased dissociation of weak or-
ganic acids at higher pHs. 
3. The release of COD reached a nearly constant 
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